Manipulation of the quantum state by Majorana transition in spinor 

Bose-Einstein condensates 
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Manipulation of the quantum state by the Majorana transition in spinor BEC system has been re- 
alized by altering the rotation frequency of the magnetic field's direction. This kind of manipulation 
method has no limitation on the transition speed in principle and the system is well closed, which 
provides a new and superior tool to manipulate quantum states. Using this methord on pulsed atom 
laser, multicomponent spinor atom laser is generated. We demonstrate that the experiment results 
are agreed with the theoretical predication. 
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Precise and sophisticated control of quantum state is 
a major goal in atom physics and is expected to lead 
to new physics and new applications, such as quantum 
computation. An important requirements of the manip- 
ulation process in quantum computation is to be fast (in 
order to minimize the effects of decoherence unavoided in 
real quantum system, and to speed up the computation) . 
In principle, the Majorana transition, one kind of nona- 
diabatic transition, has no limitation on the transition 
speed, which has the potential to give ultra fast manipu- 
lation of quantum states. Another advantage of this ma- 
nipulation is that the system is well closed if we choose 
the ground state of hyperfine structure. This avoids the 
decoherence from excited states, such as atoms loses and 
spontaneous emission. 

Majorana transition was first studied in 1932 by Ma- 
jorana who derived the expression of the transition 
in two level system: Pi/2,-1/2 — ex P(~ fj^) where fhar 
is the Larmor rotation frequency, fn t the rotation fre- 
quency of the magnetic field (RFM) . After that few quan- 
titative results on experiments 0, 0] were reported due 
to the limitation of experimental techniques, e.g., the 
huge velocity distribution of atom beams and the non- 
ideal distribution of magnetic field in space. The recent 
experimental realization of Bose-Einstein condensation 
provides the possibility to precisely study Majorana tran- 
sition since the ensemble can be seen as motionless in the 
trap. Some experiments did show the effects of Majo- 
rana transition, which are qualitatively observed 0, @]- 
The observation of population oscillation induced by the 
variation of /i ar was also reproted in [fj, although the 
population subjects to the position that atoms move to 
in the magnetic trap, which is not in a real sense of ma- 
nipulation for practical applications. 

In spinor Bose-Einstein condensate system, spin com- 
prises a degree of freedom, where the order parameter 
is a vector rather than a scalar in common BEC sys- 
tem. This system offers a new kind of coherent matter 
with complex internal quantum structure and rich dy- 
namics, which have been shown in the latest investigation 



BBS E3, U > 12] ■ As many proposals on quantum com- 
putation and entanglement based on spinor condensates 
are given 13|> 14 , 15, lij], experimental manipulation on 
the spinor freedom degree and investigation on dynamics 
of spinor condensate system become particularly impor- 
tant. 

In this paper, we introduce how to utilize the Majorana 
transition to control quantum states by adjusting /ij Q t, 
which provides a powerful tool for quantum states ma- 
nipulation. The Majorana transition is precisely studied 
in spinor BEC system without the disturbance of atoms 
huge velocity distribution in early atom beam experi- 
ments 0,3- An analytical expression has been developed 
and matches the experimental data. The quantum state 
of atom laser is manipulated and multicomponent spinor 
atom laser with symmetrical population is generated by 
using this method on pulsed atom laser. We also show 
that the Bose-Einstein condensate is most suitable for 
studying Majorana transition because low optical den- 
sity of images and overlapping of different components 
will occur as the temperature increases. 

We get samples of condensates in a compact low power 
quadrupole-Ioffe-configuration (QUIC) trap with trap- 
ping frequency u r — 2tt x 220Hz radially and u z — 2tt x 20 
axially. The trap consists of a pair of quadrupole coils 
which are assumed to be along ^-direction, and one Ioffc 
coil along z-direction. The direction of gravity is assumed 
to be y-direction. We design 8mm aperture along the axis 
of Ioffe coile, which provides a good optical access for ex- 
periments. The shape of coiles is frustum of a cone in 
order to provide a larger area to contact with the water 
cooled framework. The current is 20. 7A in quadrupole 
coils and 20. 5A in Ioffe coil. Typically, a S7 Rb condensate 
with 2 x 10 5 atoms at \F — 2, mp = 2) state is formed 
after evaporative cooling. 

We redesign the circuit for the turn-off of coils to con- 
trol the switching off time of two type coils separatively. 
The Ioffe coil is in parallel with a variable resistor, and 
the turn-off time of Ioffe coil is set by Lj/Ri, where Lj 
is the inductance of the coil and Ri is the resistance of 
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the loop. Conveniently, the turn-off time of Ioffe coil can 
be tuned continuously by setting the resistance of the 
variable resistor. Similarly, the quadrupole coils are in 
parallel with another resistor. To control the switching 
off time of the magnetic field separately, the eddy current 
must be strictly removed. We redesign the magnetic trap 
with grooves in the framework and get rid of the influ- 
ence of eddy current, which can be shown by comparing 
the decreasing process detected by a detective coil with 
by the Hall effect current sensor. 
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FIG. 1: Observation of different components vs the turn-off 
time of Ioffe coil: The atoms are initially prepared in \F = 2, 
rriF — 2} state. The five parts of the condensates from right 
to left, also the same as the following figures, refer to the 
five states |2, 2), |2,1), |2,0), |2, -1) and |2, -2} respectively. 
The dimension of each picture is 1.2mm x 0.3mm. During the 
process, the turn-off time of quadrupole coils is fixed at r q = 
117.7/US. We also show the population distributions obtained 
from the analytical expression in the bar charts. 

When the nonsynchronous decreasing process of the 
magnetic field from different coils emerges, the conden- 
sate atoms will experience the zero field of B z = and 
the reversion of the direction. This is easy to understand 
from the formation of the magnetic field. We know that 
the Ioffe coil's field is in the opposite direction of that of 
quardupole coils along z direction, and the total field's 
direction is along the Ioffe's field. If the Ioffc's field de- 
cays fast, the zero field emerges and the field's direction 
reverses in z direction. In this case, Majorana transition 
happens and the different components of BEC will be 
separated in space by the Stern-Gerlach effect induced by 
the gradient of the magnetic field. If the turn-off speed of 
Ioffe coil increases, the reversion speed of field increases 
too, which induces the increasing of fn t- Then more 
spinor components are transited from initial component 
\F = 2, mp = 2). Setting r i; the RFM fn ot at the time 



of reversion is uniquely determined as r q is a constant, 
where r% and T q are the 1/e turn-off time of Ioffe ciol 
and quadrupole coils, respectively. Fig. 1 shows the re- 
lation between Majorana transition and turn-off time of 
the Ioffe coil in experiments. The distribution of differ- 
ent spinor components subjects to Majorana transition, 
which is controlled by adjusting the turn-off time of Ioffe 
coil. The distribution of spinor components well fits the 
theoretical prediction (see Fig. 1 right charts), which is 
described by Eq. (JTJ) and ((4]). When t, = r q , the mag- 
netic field does not reverse in z direction and the single 
component condensate in \F = 2, mp = 2) forms (see 
Fig. 1). As Tj decreases, the fp^ ot increases and the in- 
duced Majorana transition becomes stronger. 

To investigate the Majorana transition process in 
experiments more accurately, we give the theoretical 
analysis in the following. Majorana studied the transi- 
tion in the model where the magnetic field evolves as 
B x (t) — 0, B y (t) = const, B z (t) = Kt and t = (— oo, oo). 
The Majorana formula has been derived both from 
quantum mechanics and group theory [H[l3|- For 
multilevel system with a total angular moment J, 
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where the value of is given by the two level transition 



Since the result to the system with arbitrary angular mo- 
mentum J can be generalized from the two level system, 
we emphasize on the two level case. 

For a motionless system during the transition process 
with spin moment s = 1/2 in magnetic field Bit), the 
Schrodinger equation can be written as@ 



,(1) 



^-F-B(t) Cl 



(2) 



where F = h/2a. The magnetic field which atoms ex- 
perience takes the form B(t) = [0, B y (t), B z (t)], where 
B x (t) = is produced by the symmetry of the trap and 
B y (t) is produced due to the dragging down of the grav- 
ity. The experimental evolution of the magnetic field due 
to the discharging process of coils is exponential. 

In our case, the variable Ti is much less than the con- 
stant T q when Majorana transition happens obviously. 
By taking approximation, it is appropriate to write B(t) 
as 

By(t) ~ Ay, 

B z (t) « A z -C z t, (3) 
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where 



A 



B„ 



y — ^yl i- B y Q , 

A z = B z j — B z q, 

C z = B zI /Ti - B zQ /T q . 

B y i and B v q are the initial magnetic field respectively 
generated by Ioffe coil and quadrupole coils in y direction, 
B z i and B z q are in z direction. The expressions of the 
RFM and Larmor frequency are fp/ot = dB(t)/2irB(t)dt 
and fhar = 5Mo-B(t)/27r?i, respectively. In the case of 
Eq. ([3]), fn t = C z /2irA y at the time when the magnetic 
field reverses its direction. From the expression of C Zl 
we can see that the rotation frequency of the magnetic 
field is only determined by Ti as T q and A y are fixed. 
By substituting Eq. |3]) into Eq. ([2|), the second-order 
differential equations which can be transformed into 
Webber equations [18| are obtained. The asymptotic 
solution of the Webber equation corresponding to the 
experiments can be derived as 



A/2-1/2 = exp 



-K- 



(4) 



where if is a constant. The population of different spinor 
quantum states can be controlled by adjusting the switch- 
ing off time Ti in Eq. ((4]), which is the only adjustable 
parameter. This expression reveals the essence of the 
Majorana transition observed generally in experiments. 




FIG. 2: Evolution of population as the turn-off time of Ioffe 
coil Ti with atoms initially in \F — 2, raF = 2) state: The 
experimental data and analytical solution are shown. 



The comparison between the theoretical prediction and 
the experimental results based on the experiments of Fig. 
1 is shown in Fig. 2, which describes the evolution of 
spinor BEC with different turn-off time of Ioffe coile. The 
experimental data and theoretical results with atoms ini- 
tially prepared in \F = 2,mp = 2} state are shown and 
match each other. We can see that the population is ini- 
tially prepared in — 2 and then transited to mp = —2 
state gradually through the mp = 1,0 and —I state. The 
asymptotic state as Ti decreases is mp = —2 state. This 
corresponds to the total nonadiabatic process, in which 
the magnetic field reverses instantaneously so that the 
magnetic moment maintains its direction. The final dis- 
tributation of atoms initially prepared in any spinor state 
can be easily derived by using Eq. {TJ) and (j4j . Similarly 
to optical pumping and Rabi oscillation, the Majorana 
transition is another choice to manipulate the quantum 
state transition by controlling the turn-off time in exper- 
iments. 
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3: Evolution of population as time in Majorana transi- 

|2 



FIG. 

tion: Plotted is the evolution of | C2 \ z as time for the three 
values of magnetic field rotation frequency fRot = 0.6 MHz, 
1.2 MHz and 2.8 MHz. 

Fig. 3 shows the time evolution of the population by 
numerically solving the Webber equations. In the 
transition period is estimated to be only about lfis by 
comparing the Larmor frequency with the field rotation 
frequency. Fig. 3 is another and direct way to show the 
transition period, which is consistent with the estimation 
in Q. So the transition period length can be approxi- 



mately estimated as the period length of fpt ot > 
whose expression is 
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In the expression of Ai, the transition period is monotone 
decreasing and the asymptotic value is (no limitation 
on the transition speed) at the region where C z tends to 
infinite. This trend also appears in Fig. 3. 

The generation of multicomponent spinor atom laser 
by Majorana transition is shown in Fig. 4. We obtain 
atoms prepared in mp = spin state by producing pulsed 
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FIG. 4: Generation of multicomponent spinor atom laser by 
Majorana transition: The rar = spinor state is prepared by 
producing pulsed atom laser with rf radiation. The transition 
process is identical to that in Fig. 1. The population distri- 
butions obtained from the analytical expression are shown in 
the bar charts. 

atom laser with short rf radiation. The total number of 
atoms prepared in mp = state are about 4 x 10 4 . After 
the mp = atom laser is generated and falls down for 
2 ms, the nonsynchronous process of the magnetic field 
happens and the multicomponent spinor atom laser is 
generated. We can manipulate the distribution of the 
population by adjusting n, which is the same as atoms 
initially prepared m mp = 2 state. Fig. 4 shows the 
symmetry of the population distrubition. This agrees 
with Eq. |l| when atoms are initially prepared at mp = 
state. The generation of multicomponent spinor atom 
laser indicates that Majorana transition is a powerful tool 
for quantum state manipulation. 



(a) 
(b) 
(c) 
(d) 
(e) 




T (nK) 
< 200 

247 
261 
423 
1089 



In addition, the Majorana transition with atoms at 
different temperature is studied (see Fig. 5). The tem- 
perature of atoms is altered by setting the end frequency 
of evaporative cooling. As the temperature rises, the de- 
tected maximum optical density decreases, e.g., 0.95 in 
(a) yet 0.23 in (e). In fact, it is hard to get informa- 
tion of atoms in (e) because of the bad contrast. The 
lowest temperature of sub-Doppler cooling in Rb is 4 /iK 
[ill which is much higher than the temperature in (c). 
Even at about the critical temperature [see Fig. 5(d)], 
the small fractions of mp = 2 and mp = —2 can hardly 
be detected. Another problem for atoms at high tem- 
perature is the overlapping of different component atoms 
[see Fig. 5(e)]. For these two reasons, BEC appeals to 
be the most suitable tool to study Majorana transition. 

In conclusion, this work establishes a basic tool to con- 
trol the macroscopic coherent quantum state of spinor 
condensates for developing more sophisticated control. 
As an application, multicomponent spinor atom laser is 
generated. The Majorana transition is precisely studied 
without the disturbance of atoms velocity distribution. 
Our treatment for Majorana transition leads to a quan- 
titative agreement with the experimental results. With 
our model, the dynamical evolution of atoms prepared 
in any spinor state in variable magnetic field can be de- 
scribed. We also show the superiority of Bose-Einstein 
condensation as a tool to study Majorana transition. 
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FIG. 5: Majorana transition with atoms at different temper- 
ature. From (a) to (e), the maximum optical density is 0.95, 
0.91, 0.57, 0.27 and 0.23, respectively. 
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